Seawater contains a number of organic and inorganic components that cause fouling of membranes when subjected to a process of reverse osmosis desalination. This fouling is one of the most important problems in the management of desalination plants, as it entails a significant loss in system performance. For membranes to be able to continue operating under appropriate conditions, they must undergo periodic cleaning protocols.
Introduction
Fouling occurs during the operation of seawater desalination plants that employ reverse osmosis membrane technology. 1 Over time, this fouling results in a gradual decrease in permeate flux and salt rejection, finally causing a significant loss in productivity, which has a negative influence on economics of operating with membranes. 2 The main causes of fouling include the abundance of colloidal particles, inorganic ions and biological material present in seawater, which are capable of overcoming pre-treatments and subsequently deposited within the elements of the membrane.
Silica colloids and calcium (Ca 2+ ), carbonate (CO 3 2- ) and sulphate (SO 4 2-) ions play a key role in this process. [3] [4] [5] These ions can be found in seawater at concentrations high enough to reach their solubility limits and thus form precipitates of an inorganic nature on the membranes. 6 The presence of microalgae in seawater is also a potentially important factor in membrane fouling due to their small size and the possible development of algal bloom episodes at specific times. 7 Removal of these deposits from the surface of the membrane is complex, requiring protocols to carry out periodic cleaning to maintain suitable operating conditions. In general, it is usually considered necessary to clean the system when there is a decrease of 10 to 15 % in permeate flux, a decrease of 10 % in salt rejection or a 15 % increase in differential pressure. 8 Cleaning occurs as a result of a variety of chemical and physical interactions between the wash solution and the solids present on the surface of the membrane. Multi-step cleaning can represent a useful tool, since the cleaning efficiency can be improved by using different chemicals with complementary cleaning mechanisms. 9 The key elements of a cleaning strategy are the type and concentration of the cleaning agents, the order and duration of the cleaning stages and the operating parameters of the system during the process. 10 The overall aim of this study was to optimize the cleaning protocols of membranes that have suffered severe fouling due to the accumulation of salt scale (calcium carbonate and sulphate), silica colloidal particles (Aerosil ® 200) and microalgae (Nannochloropsis gaditana). To that end, the effectiveness of different sequences of membrane cleaning in a pilot plant was studied, optimizing both the cleaning reagent concentrations and the system operating conditions (pH and operation temperature). Original scientific paper Received: January 23, 2016
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Methodology applied
Firstly, the membranes were fouled. A reverse osmosis desalination bench-scale plant (Plant 1) was used for this purpose, passing a feed stream through the membrane consisting of seawater enriched with different chemicals and microbiological agents that commonly cause membrane fouling over a time of around 140 h. 11, 12 These agents were: inorganic salts (calcium sulphate and calcium carbonate) at an equivalent concentration to their solubility limits (3.16 g L -1 and 0.03 g L -1
, respectively), colloidal silica (Aerosil ® 200) at a concentration of 50 mg L -1 and a culture of the microalga Nannochloropsis gaditana (2·10 6 cells mL -1 ), due to its being a very common alga in the area under study.
Once fouled, the membrane was subjected to a cleaning process in a flow cell plant (Plant 2) using the following physical and chemical agents separately: ethylenediaminetetraacetic acid (EDTA), sodium bisulphite, linear alkylbenzene sulphonate (LAS), citric acid, ammonium hydroxide, temperature and pH. Five solutions of different concentrations of each reagent were tested (Table 1) . From the set of trials, the one that achieved the greatest recovery of permeate flux was considered the "limit concentration". The "optimal concentration" was the one that resulted in the greatest recovery of permeate flux with respect to the next lowest cleaning trial concentration.
Estimation of optimal and limit concentrations of the cleaning reagents used separately enabled process optimization, choosing those concentrations that combine maximum efficiency with minimum consumption of reagents.
Cleaning trials were subsequently performed using a combination of cleaning agents at optimal and limit concentrations taking into consideration the acid or basic nature of these reagents (Table 2 ). In summary, the sequential cleaning procedure consisted of applying a double wash, alternating acid or basic mixtures (or vice versa) for a period of 30 minutes each under the different operating conditions shown in Table 2 . During the washing process, the pH of the solution was controlled, thus ensuring its stability around the appropriate value while maintaining the operating temperature constant.
Finally, the washed membrane underwent inspection under a scanning electron microscope in order to compare the development and composition of the depositions cake layers before and after washing.
Description of the desalination plants used
Two pilot plants were used in the pilot phase. The fouling trials were conducted in a spiral-wound desalination plant (Plant 1, Figure 1 ) with the aim of causing rapid, severe and homogeneous fouling.
Plant 1 (Figure 1 ) is an Aqua Frame TM Sea Recovery desalination plant, further equipped with a number of measuring instruments that allow automated monitoring of the main control parameters. It has a stainless steel container for 2421-inch membranes. The pressure system comprises a 0.33 HP output centrifugal pump that provides a feed rate of 570 L h -1 , followed by a 2 HP CAT piston pump, model 317, stainless made, which raises the feed pressure up to the required 55.16 bars. The buffer tank of the system has a usable capacity of 350 litres and is equipped with a heat exchanger connected to an external cryostat, which enables the feed water temperature to be controlled during the fouling trials. The automated plant control system is equipped with conductivity probes in the feed and permeate streams, electronic turbine flow meters in the permeate and rejection streams and a pressure transducer in the rejection stream. These probes transfer the signal via data loggers to a control computer.
A Hydranautics SWC2-2521 reverse osmosis aromatic polyamide membrane was used. This type of membrane is widely employed in industrial-scale desalination plants and combines high levels of conversion and salt rejection. Working conditions were adjusted to the optimum operating conditions established by the membrane manufacturer (55 bar applied pressure, 25 °C temperature). These parameters were normalized by applying the normalization equations supplied by the membrane manufacturer (Hydranautics).
After fouling, fragments of the fouled membrane were taken (155 cm 2 ) to conduct cleaning trials in a flow cell (Plant 2, Figure 2 ). This plant is equipped with a GE Osmonics Sepa ® CF flow cell and uses a flat-sheet membrane configuration. The facility has a high-pressure CAT piston pump, model 341, controlled by a speed variator that allows the feed flow rate of the system to be controlled. The buffer tank has a volume of 10 litres and is equipped with a heat exchanger connected to an external cryostat to control the feed water temperature.
Reagents used
The following agents were used in the membrane fouling phase:
-The commercial silica (Aerosil ® 200, Degusta Corp., Akron, OH) was used in its powdered form as a colloid model. Use of this colloid is suitable for studying reverse osmosis membrane fouling. 13 -Precipitated calcium carbonate (CaCO 3 ) and calcium sulphate 2-hydrate (CaSO 4 ·2H 2 O), supplied by Panreac S.A.
-A Nannochloropsis gaditana microalga culture (2⋅10 6 cells mL -1 ) from the Marine Culture Plant of the Faculty of Marine and Environmental Sciences, University of Cadiz. This is a microalga that is small in size (2.5 microns) and has been reported to figure in episodes of bloom. 7 The following chemical reagents were used in the cleaning phase:
-Hydrochloric acid (HCl): 0.2 M, supplied by Scharlau.
-Sodium hydroxide (NaOH): solid. Minimum purity of 98 %. Supplied by Panreac.
-Sodium bisulphite (NaHSO 3 ): Solid. Minimum purity of 98 %. Supplied by Panreac.
-Ethylenediaminetetraacetic acid (C 10 H 14 N 2 Na 2 O 8 · 2H 2 O): disodium salt dihydrate. Solid. Minimum purity of 99 %. Supplied by Panreac.
-Linear alkylbenzene sulphonate (LAS): Sodium salt. Solid with ≈80 % mixture of alkylbenzene sulphonates. Supplied by Fluka.
-Anhydrous citric acid (C 6 H 8 O 7 ): Solid. Minimum purity of 99 %. Supplied by Panreac. 
Analytical techniques
During the fouling process, automated monitoring of the main operating parameters (flow, conductivity and temperature) in the feed, rejection and permeate streams was carried out using the instruments incorporated in the desalination plant for 2521-inch membranes.
In the cleaning trials in the flow cell, the following data were recorded: flow, conductivity, temperature and pH. To do so, a Crison 524 portable conductivity meter microprocessor and a WTW 330-SET 1 high-resolution portable pH-meter were employed.
Metal concentrations in the membrane cake layer were analysed with a Thermo Elemental Iris Intrepid ICP-AES spectrometer Metals analysed were aluminium, boron, barium, calcium, copper, iron, potassium, lithium, magnesium, sodium, silicon and strontium. A Shimadzu TOC-5050A analyzer was used to measure total organic carbon (TOC) and inorganic carbon (IC).
A QUANTA 200 scanning electron microscope equipped with an energy dispersive detector (EDS) for microanalysis of major elements was used to inspect the surface of the fouled and the washed membranes in order to identify the main elements present in the fouling.
Results and discussion
Membrane fouling Figure 3 shows the evolution over time of the flow of both the permeate (expressed as the relative permeate flow rate: Q/Q 0 ) and the salt rejection for the duration of the fouling trials. During the experiment, different materials (colloids and microalgae) accumulated on the membrane surface, resulting in a 56.7 % reduction in permeate yield. The formation of this fouling layer also caused a slight increase in salt passage through the membrane (1.63 %), as the salt rejection varied from a baseline of 98.6 % to 96.94 % at the end of the trials.
The chemical composition of the fouling is shown in Table 3 . The abundant presence of calcium, potassium, magnesium, sodium and silicon indicates the formation of salt scale and the accumulation of colloidal silica on the membrane. The existence of 10.85 g TOC per kilogram of fouling indicates the deposition of the microalgae present in the system feed stream.
The SEM micrographs of the fouled membrane ( Figure 4a) show a significant layer of fouling deposited on the membrane surface. A basal layer consisting of colloidal silica can be observed that presents a series of cracks caused by material shrinkage during sample drying. A large amount of aggregates and carbonated crystalline growths are deposited on this layer, mixed with organic debris. The composition of these layers coincides with the results of EDS microanalysis performed on the sample (Figure 8b) , showing a major presence of the following elements: carbon, oxygen, silicon, sulphur and calcium. The gold peak is a result of prior metallization of the sample. A quantitative estimation of the thickness of the fouling layer was made using the cross-sectional micrograph (Figure 4b ). This thickness ranged between 15 -18 microns. The thick layer of fouling explains the decrease in permeate production during the fouling trials.
Cleaning trials

Results of single cleaning reagents
Initially, a series of cleaning trials were carried out using different concentrations of reagents to study their cleaning capacity when acting in isolation ( Figure 5 ). Optimal and limit concentrations of each cleaning reagent were estimated on the basis of these experiments.
For each wash, a solution of 5 L of cleaning reagent was prepared and stored in the feed tank of the flow cell (Plant 2). After starting up the pump, the system caused the washing solution to pass over the fouled membrane in a closed circuit for 30 minutes. At the end of this stage, the remains of the cleaning agent were removed using water. A flow and salt rejection test was then carried out on the washed membrane using the operating parameters set by the membrane manufacturer (feed solution 32 q L -1 NaCl, operating pressure of 55.16 bar and 25 °C temperature). Table 4 shows the values chosen as optimal and limit concentrations for each of the physical-chemical agents used. Table 5 presents a comparison of the permeate flux and salt rejection values obtained in the cleaning trials with single cleaning reagents and the values considered as optimal and limit concentrations. Figure 5a shows the permeate flux recorded in the cleaning trials with different concentrations of EDTA. It can be seen that the presence of EDTA in the wash solution causes a significant recovery of permeate flux, even when the cleaning agent con- , the flow loss was less than 10 % (9.86 %) (Table 5 ), which will hence be considered as the optimal washing concentration.
Cleaning with ethylenediaminetetraacetic acid (EDTA)
Cleaning with EDTA also resulted in a recovery in salt rejection, obtaining recorded values very close to those of the clean membrane (98.8 %).
The good performance of EDTA as a cleaning agent can be explained by its chelating effect, being a ligand with a high capacity to sequester Ca 2+ and Mg 2+ cations, among others, thus reducing the build-up of carbonate and calcium sulphate scale. 14 
Cleaning with sodium bisulphite
In the case of sodium bisulphite, the improvement in membrane permeability due to the washing effect was lower than that of the other chemical agents used, as can be seen in Figure 5b . When cleaning with concentrations below 15 g m -2 , only 6.1 % of permeate flux was recovered. Stepping up from 10 to 15 g m -2 of reagent led to a significant improvement in washing efficiency, increasing the permeate yield by 13.4 %. This was therefore chosen as the optimal concentration of sodium bisulphite. For reagent limit conditions (20 g cm -2 ), recovery of the membrane only increased 2.3 % with respect to the next lowest concentration (15 g m -2 ), which represents a 16.4 % decrease in flow with respect to the clean membrane.
As regards the levels of salt rejection, the membranes washed with sodium bisulphite under optimal and limit reagent conditions showed values (98.72 % and 98.75 %, respectively) close to those recorded in the clean membrane (98.9 %).
The cleaning action of sodium bisulphite is closely related to its antioxidant and disinfectant action. Its reducing character allows it to act on the inorganic scale as calcium carbonate and remove metal deposits. Moreover, its biocidal effect may have contributed to reducing the accumulation of microalgae present on the membrane surface.
Cleaning with linear alkylbenzene sulphonate (LAS)
The presence of this surfactant in the cleaning solutions led to a significant improvement in permeate production (Figure 5c ), even at low concentrations, which implies significant recovery of the membrane.
The optimal cleaning conditions may be considered to consist of the use of a cleaning agent concentration of 5 g m -2 (Table 5 ). Under these conditions, a 7.8 % improvement in permeate production was obtained with respect to washing with the next lowest concentration (2.5 g m -2 ). These cleaning results were not improved using higher reagent concentrations. Thus, the optimal and limit concentrations coincide in this case and represent a decrease in flux of only 7 % with respect to the baseline value. Levels of salt rejection were almost completely recovered (98.8 %) for a reagent concentration of 5 g m -2 . The performance of LAS as a cleaning agent is determined by its action as a surfactant. The micelle formation allow the solubilization of organic fouling. Figure 5d shows the evolution of the permeate flux when washing with citric acid. Cleaning with this agent was moderately effective compared with the other reagents used, showing a decrease in maximum flow of 17.4 % for a concentration of 25 g m -2 . A concentration of 5 g m -2 can be considered optimal, seeing as permeate production improved 13.6 % under these conditions compared to the trials using a lower concentration.
Ta b l e 5 -Comparison of the permeate flux and salt rejection values obtained in the cleaning trials with single cleaning reagents for the values considered as optimal and limit concentrations
Cleaning with citric acid
The rejection levels after washing under optimal conditions were slightly lower (98.7 %) than those of the clean membrane (Table 5) .
Citric acid constitutes an alternative to commonly used cleaning agents. In aqueous solution, it takes the form of citrate ions, forming salts with a large number of metal ions and promoting the removal of metal oxides and calcium carbonate scale.
Cleaning with ammonium hydroxide
For this reagent, the recovery levels of permeate flux were the lowest of all the agents used and showed no clear trend (Figure 5e ).
The trials using the lowest amount of reagent (2.5 g m -2 ) only achieved an improvement of 4.5 % compared to the fouled membrane. It was necessary to raise the concentration of ammonium hydroxide to 5 g m -2 to achieve a significant improvement in production (11.5 %) (optimal concentration). Higher concentrations of the cleaning agent failed to increase the permeate flux, which ranged from 605 L m (Table 5) .
Salt rejection reached 99.7 %. The cleaning action of ammonium hydroxide is based on its disinfectant capacity and its behaviour as a weak base. This compound promotes the removal of organic matter and has a significant biocidal action, as well as helps in the removal of calcium sulphate scale. 14 Figure 5f shows the permeate fluxes obtained in the trials at different washing temperatures. It can be seen that temperature has a positive effect on the effectiveness of the wash.
Effect of temperature
At a low temperature (19 °C), the recovery of the membrane is likewise low (4.8 %). However, raising the wash temperature to 22 °C produces an improvement in cleaning efficiency, resulting in a 12.0 % recovery in permeate flux compared to the fouled membrane. The optimal temperature was thus 22 °C. Using higher wash temperatures led to a moderate additional increase in production, obtaining the maximum yield in the trial at 40 °C (limit conditions).
The decrease in flux with respect to the clean membrane varied between 26.1 and 21.1 % in optimal (T = 22 °C) and limit (T = 40 °C) washes, respectively. In addition, cleaning led to a slight improvement in salt rejection (98.7 %).
Increasing the cleaning temperature promotes separation of the layer of organic fouling adhered to the membrane, as well as increases the solubility limits of the salt scale deposited on the membrane, thus favouring dissolution of scaling. However, washing at excessively high temperatures may lead to damage of the membrane structure and so it is essential to follow the manufacturer's recommendations in this respect.
Effect of pH
To evaluate the influence of pH on cleaning, the washes were carried out in an acid medium (HCl solutions at pH 2 and 4) and in a basic medium (NaOH solutions at pH 8, 10 and 12), as shown in Figure 5g .
It can be seen that the more the pH values vary from neutral, the greater the effectiveness of the wash. Washing at pH 4 produced an increase in membrane permeability of 17.5 % with respect to cleaning at pH 8; while at pH 10, this increase was 20.4 %. On the basis of these data, it can be concluded that washing under optimal conditions was achieved at pH 10.
Trials at pH 2 and pH 12 achieved a slight improvement in the results obtained at pH 4 and pH 10, being slightly more effective than when using a basic pH (pH 12). Slightly higher yields were thus obtained under basic conditions than when cleaning in an acid medium.
The salt rejection of the membrane also underwent greater recovery after washing at a pH far from neutral, regardless of the acid or basic nature of the wash (Table 5) .
Depending on the pH used in the wash, the removal of a particular type of fouling is achieved. While acid cleaning reduces inorganic scale, facilitating the dissolution of carbonates and sulphates, basic cleaning removes organic matter and biological material. Furthermore, basic washing is effective in removing silica, attacking colloidal fouling.
The previously reported considerations, together with the results obtained in the cleaning trials in acid and basic media, lead us to conclude that the application of a sequence of washes alternating acid and basic conditions improves overall cleaning effectiveness, attacking all the forms of fouling present on the membrane.
Sequential cleaning
Having carried out cleaning trials with different single cleaning reagents, washing experiments were the carried out with mixtures of these cleaning agents at the concentrations considered as optimal and limit values alternating acidic and basic washing sequences. Table 4 shows the sequences employed, while Table 6 presents the results obtained.
It should be noted that, in all cases, the effectiveness of sequential washing improved with respect to that achieved using cleaning reagents. It was found that these sequential cleaning trials provided very positive results in the recovery of the fouled membrane (Figure 6 ), obtaining a minimum improvement of 31 % in all the washes, while maintaining the permeate flux above 840 L m -2 d -1 (Table 6 ). These results prove that the combined use of different cleaning reagents and alternating acid and basic media produce a synergistic effect that enhances the cleaning action.
As to the order of cleaning (1  st basic and 2 nd acid, or vice versa), the results indicate that both sequences are highly effective, although those washes that began in a basic medium showed a slight advantage (Table 6) , which ranged between 0.6 -0.9 %, depending on whether the washes are analysed under optimal or limit conditions, respectively. This supposes an improvement in permeate flux of between 8.9 and 23.6 L m -2 d -1
. The yield recorded in sequential trials under limit conditions was slightly higher than in the experiments under optimal conditions. This difference ranged from 0.3 to 2 %, depending whether washing commenced in a basic or acidic medium, respectively. It is worth noting that Cleaning 1 (1   st   basic and 2 nd acid, under optimal conditions) yielded a permeate flux of 848 L m -2 d -1 , representing a difference of only 5.8 % compared to the results obtained with a clean membrane.
As regards salt rejection, although this parameter did not suffer a major setback during membrane fouling, all the sequential washes practically managed to recover the original levels (Table 6 ).
In conclusion, it may be stated that the membranes showed good chemical compatibility with the cleaning agents used in the sequential cleaning and under the operating conditions of the system, seeing as degradation or deterioration of the membrane was not detected in terms of its permeate production or salt rejection values.
Microscopic inspection of the washed membrane
The micrographs of the membrane from Cleaning 1 corroborate a significant reduction in the fouling layer (Figure 7a ) compared to the fouled membrane ( Figure 4 ) as a result of sequential washing. The presence of aggregates is only observed in specific areas of the washed membrane, in addition to some clusters composed primarily of colloidal silica. Most of the biofouling and salt scale was removed during cleaning. Figure 7b shows a cross-sectional micrograph of the washed membrane, which was used to measure the thickness of the fouling layer that was impervious to washing. As the wash had loosened the fouling layer on a part of the surface, the thickness of the layer could be estimated only in certain areas, not exceeding 2 μm in any case. Comparison of this thickness with the values obtained in the fouled membrane (15-18 μm, Figure 4b ) confirms that a significant amount of scale was removed during sequential cleaning.
Energy dispersive analysis (EDS) was used to analyse the atomic composition of the surface layer of the membrane, comparing the EDS analyses of the clean (a), fouled (b) and washed (c) membranes (Figure 8 ). Note should be taken of the absence of calcium in the washed membrane, confirming a high removal of salts of this element, especially of calcium carbonate and calcium sulphate scale. The structure of the gold and sulphur peaks, which is very similar between the EDS analyses of the clean and washed samples, also confirms the reduction in the fouling layer. Although sulphur, originating from the structure of the membrane (polysulphone), and gold, which comes from the metallic samples, are clearly identified in the EDS microanalysis of the clean membrane, the accumulation of a thick layer of fouling on the fouled membrane produces shielding of the aforementioned elements due to the relative abundance of other elements characteristic of the deposited fouling such as oxygen, silicon and, above all, calcium.
The silicon detected in the EDS microanalysis of the washed membrane (Figure 8c) indicates the presence of colloidal silica fouling which is impervious to the cleaning process. However, the relative importance of the silica peak is also explained by the scant abundance of other elements due to the reduced fouling of the washed membrane. Therefore, the colloidal silica layer that is impervious to cleaning was probably very small, as confirmed by examination under a scanning electron microscope ( Figure 7 ).
Conclusions
In view of the results of the present study, the following conclusions may be drawn:
1. The severe fouling caused by the joint action of calcium carbonate and calcium sulphate, colloidal silica and microalgae leads to a drastic drop in permeate flux (38.1 %) and a slight decrease in salt rejection (0.9 %) with respect to the results of the clean membrane.
2. Cleaning of the membrane using mixtures of the tested cleaning agents and sequential washing alternating an acid and basic medium (or vice versa) provided an effective method for cleaning reverse osmosis membranes, as it achieved a minimal recovery in permeate flux of 93.4 % under the operating conditions of the system. 3. Sequential cleaning with limit concentrations of reagents achieved an increase of only 0.3-2 % in the permeate flux of the washed membrane with regard to the use of optimal concentrations. Bearing in mind that the latter conditions produced savings in reagents of between 54-57 %, it may be stated that the slight superiority of washing under limit conditions would not justify the environmental and economic costs associated with these operating conditions.
4. From the technical, economic, and environmental points or view, the most suitable washing sequence to clean the studied membranes was that using optimal reagent conditions commencing cleaning in a basic medium (Cleaning 1). 
